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Regenerative Amplifier FEL
High-gain RF-linac FELs operating in the self-amplified spontaneous emission (SASE) regime have recently emerged as a potentially viable technology for generating short-wavelength coherent radiation. High-power FELs, prone to optical damage to resonator mirrors because of high intracavity power, can also benefit from the single-pass nature of SASE. A variation of SASE, which we call Regenerative Amplifier FEL, uses mirrors to provide a small amount of optical feedback to restart the amplification process in a high-gain wiggler [1] . The large singlepass gain allows the optical intensity to buildup in a few passes to a sufficiently high level for efficient energy extraction. Using a large outcoupling allows most of the optical power to exit the cavity, thereby reducing the risk of optical damage and increasing the amount of light that exits the cavity as useful power.
The Regenerative Amplifier FEL offers a number of unique attributes: very large cavity detuning length (on the order of millimeters), fast build-up and ring-down (a factor of 3 in successive passes), broad output spectra (>5%), a high extraction efficiency (>2%), and very high peak power (hundreds of MW). This paper summarizes the experimental conditions for realizing the RAFEL concept and describes the fust lasing results as well as some recent accomplishments.
Experimental Setup
The experimental setup of the Regenerative Amplifier FEL has been described in detail elsewhere [1] . A schematic of the experiment is shown in Fig. 1 is reduced to 770 after application of the coating. The QE remains unchanged for more than two months of operation without any sign of degradation. The CszTe photocathodes for this experiment have been enlarged so that they can be uniformly illuminated with a 7-mm-radius drive laser spot. The large emission radius reduces space charge effects and results in a high peak current directly from the Iinac [2] .
The generated electron beam,is focused to the entrance of the wiggler by two solenoids, 
Experimental Results
The RAFEL small-signal gain was measured in a SASE experiment that is described in detail elsewhere [3] . From the best fit to the data, we obtained a value of the gain coefficient that indicates there were 8 power gain lengths in the wiggler. This gives a single-pass gain of 330 (33,000%). The large-signal gain as measured by optical build-up is as high as 300%.
Immediately after installing the feedback optics, we observed an optical power that exceeded the single-pass SASE power by more than six orders of magnitude. The measured HgCdTe signal in the large signal regime follows the transmitted current macropulse closely and exhibits considerable more fluctuations than the single-pass signal (Fig. 1) . By adjusting the feedback cavity length, we measured a detuning length FWHM greater than 1 mm (Fig. 2) . The large detuning length greatly relaxes the mechanical stability requirements for the feedback cavity.
The optical buildup to saturation was recorded with a high-speed copper-doped germanium detector that integrated the optical energy over each micropulse and yielded the pulse energies of individual micropulses. Because the round trip cavity length is twice the micropulse separation, two optical micropulses exist in the cavity length when the laser is on. These two sets of micropulses build up from intrinsically different gain conditions and achieve saturation at different times (Fig. 3) . Regardless of the gain conditions, both sets of micropulses achieve the same saturation level. When the electrons are turned off, they decay together as a pair of micropulses (Fig. 4) . Because of the large outcoupling, the cavity ringdown is fast: the FEL power drops by a factor of 3 in successive passes. From the ringdown measurements, we estimate the feedback cavity has an outcoupling of 66%. Only 25% of the total power reflected back into the feedback cavity gets injected into the wiggler. The actual feedback fraction is thus only 870.
The output spectrum was measured with a Jarrell-Ash monochromator and a fast HgCdTe detector. The signal was integrated over the portion of the macropulse where the cavity field is stable to within 1%. The spiky nature of the spectrum is similar to those predicted by FELEX simulations at the 9" and 10" passes (Fig. 5) . The breadth of the measured spectrum compared to prediction may be due to the fact that the measurement was integrated over several passes.
During the first Iasing experiment, the micropulse charge was limited to 3 nC or less, and the measured energy integrated over a 9-ps macropulse (-1000 micropulses) was 0. 
Conclusion
We have achieved very efficient Iasing with the Regenerative Amplifier Free-Electron
Laser. This experiment demonstrates the utility of optical feedback to achieve saturation in a high-gain SASE FEL. From the fit of the measured SASE signal versus current to an exponential function of, we inferred a single-pass gain of about 330 at 16.3 pm. The highest optical energy achieved thus far is 1.7 J over a train of 1000 micropulses. We deduced a pulse energy of 1.7 mJ in each 16-ps micropulse, corresponding to a peak power of 110 MW. This new FEL has operated at high peak power without optical damage to the cavity mirrors. The RAFEL also exhibits a very large feedback cavity detuning length. The FEL output efficiency, defined as the efficiency of conversion from electron beam energy to light outside the FEL cavity, is 2.3%. Work is in progress to improve the RAFEL efficiency and to explore the lasing characteristics of this new FEL. -1000 -500 0 500 1000
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